Abstract: Nickel nitrate diammine, Ni(NH 3 ) 2 (NO 3 ) 2 , can be synthesised from the thermal decomposition of nickel nitrate hexammine, Ni[(NH 3 ) 6 ](NO 3 ) 2 . The hexammine decomposes in two distinct major stages; the first releases 4 equivalents of ammonia while the second involves the release of NO x , N 2 , and H 2 O to yield NiO. The intermediate diammine compound can be isolated following the first deammoniation step or synthesised as a single phase from the hexammine under vacuum. Powder X-ray diffraction (PXD) experiments have allowed the structure of Ni(NH 3 ) 2 (NO 3 ) 2 to be solved for the first time. The compound crystallises in orthorhombic space group Pca2 1 (a = 11.0628 (5) Å, b = 6.0454 (3) Å, c = 9.3526 (4) Å; Z = 4) and contains 11 non-hydrogen atoms in the asymmetric unit. Fourier transform infrared (FTIR) spectroscopy demonstrates that the bonding in the ammine is consistent with the structure determined by PXD.
Introduction
Ammonia is increasingly being considered as a safe, readily available alternative to hydrogen as an energy vector with an energy density of 13.6 GJ·m −3 (at 10 bar) [1] and the added advantage of possible storage at high gravimetric and volumetric capacities. Ammonia itself contains 17.6 wt % hydrogen and could be employed as a hydrogen carrier, releasing hydrogen via catalytic cracking.
Metal ammine salts are attracting considerable interest as potential ammonia storage materials [2] . Transition metal salts readily form ammoniate complexes (ammines) with variable and controllable ammonia content [3] . The highest capacity (gravimetric density of ammonia) materials-typically hexammines-can be synthesised simply by the ambient temperature and pressure ammoniation of the respective transition metal salts. In an earlier study, we identified nickel salts as a promising group of ammonia storage materials [4] . Associated with this work, we were able to demonstrate that the reaction of ammonia with nickel nitrate hexahydrate induces ligand exchange and the growth of nickel nitrate hexammine crystals [5] . The thermal decomposition of nickel nitrate hexammine has been discussed previously in the literature [6, 7] and the products of the decomposition tentatively identified. The structure of the proposed thermodynamically stable intermediate decomposition product nickel diammine nitrate has remained unknown. In this work, we revisit the thermal decomposition of [Ni(NH 3 ) 6 ](NO 3 ) 2 and determine the conditions for synthesis of the respective 6 ](NO 3 ) 2 Nickel hexammine, [Ni(NH 3 ) 6 ](NO 3 ) 2 , was prepared using our previously published method, and its complete characterisation is discussed therein [5] . [Ni(NH 3 ) 6 ](NO 3 ) 2 was studied by simultaneous thermal analysis that combined thermogravimetry (TG), differential thermal analysis (DTA), and evolved gas analysis by mass spectrometry (MS) in the same experiment ( Figure 1 ). The thermal decomposition of the material is evidently complex and clear steps are, especially at higher temperatures, hard to distinguish. Considering the evolved gas mass spectra (Figure 1b) , the initial decomposition that occurs below approximately 200 • C can be attributed exclusively to the loss of ammonia, but not all the ammonia ligands are apparently removed before further decomposition products (from the decomposition of the nitrate anion) are detected. Therefore, the continued mass loss from the sample in the region of 200-300 • C must be interpreted in terms of simultaneous loss of further ammonia from the ammine complex in addition to nitrogen and nitrous oxides from the nitrate anions. From the identity of the evolved gases in the mass spectra, there is evidently a reaction between fragments from the ammonia ligands and the nitrate anion. It is interesting that no ammonia evolution is detected at temperatures above 300 • C, where N 2 , N 2 O, NO, and H 2 O prevail. Ultimately only H 2 O is released at high temperatures. These observed gaseous products match well to those observed previously for the decomposition of the hexammine nitrate in either argon or helium [6, 7] . of the respective diammine Ni(NH3)2(NO3)2. The successful preparation of the compound as a single phase has allowed us to determine its crystal structure for the first time and to perform a vibrational spectroscopy analysis of its bonding.
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Thermal Decomposition of [Ni(NH3)6](NO3)2
Nickel hexammine, [Ni(NH3)6](NO3)2, was prepared using our previously published method, and its complete characterisation is discussed therein [5] . [Ni(NH3)6](NO3)2 was studied by simultaneous thermal analysis that combined thermogravimetry (TG), differential thermal analysis (DTA), and evolved gas analysis by mass spectrometry (MS) in the same experiment (Figure 1 ). The thermal decomposition of the material is evidently complex and clear steps are, especially at higher temperatures, hard to distinguish. Considering the evolved gas mass spectra (Figure 1b) , the initial decomposition that occurs below approximately 200 °C can be attributed exclusively to the loss of ammonia, but not all the ammonia ligands are apparently removed before further decomposition products (from the decomposition of the nitrate anion) are detected. Therefore, the continued mass loss from the sample in the region of 200-300 °C must be interpreted in terms of simultaneous loss of further ammonia from the ammine complex in addition to nitrogen and nitrous oxides from the nitrate anions. From the identity of the evolved gases in the mass spectra, there is evidently a reaction between fragments from the ammonia ligands and the nitrate anion. It is interesting that no ammonia evolution is detected at temperatures above 300 °C, where N2, N2O, NO, and H2O prevail. Ultimately only H2O is released at high temperatures. These observed gaseous products match well to those observed previously for the decomposition of the hexammine nitrate in either argon or helium [6, 7] . It could be concluded that [Ni(NH3)6](NO3)2 firstly loses ammonia to form lower ammine complexes, before loss of the remaining ammonia molecules coincides with the decomposition of the nitrate anions into nitrogen and nitrous oxides. This would leave a solid product of nickel hydroxide, Ni(OH)2, which itself further decomposes into nickel oxide with the loss of water (in the final step). The first decomposition mass loss (Table 1) of 11.8% corresponds well to the theoretical mass loss for the formation of the hypothetical tetrammine nickel nitrate, [Ni(NH3)4](NO3)2 (11.94%). The immediate subsequent mass loss, however, is not itself large enough to account for the formation of either the triammine or diammine nickel nitrate (theoretically 17.91% and 23.88%, respectively). In fact, the three successive endotherms observed in the DTA trace below 300 °C would suggest that 2, 1, and 1 equivalents of ammonia are lost, resulting in the formation of the diammine, and the weight It could be concluded that [Ni(NH 3 ) 6 ](NO 3 ) 2 firstly loses ammonia to form lower ammine complexes, before loss of the remaining ammonia molecules coincides with the decomposition of the nitrate anions into nitrogen and nitrous oxides. This would leave a solid product of nickel hydroxide, Ni(OH) 2 , which itself further decomposes into nickel oxide with the loss of water (in the final step). The first decomposition mass loss (Table 1 ) of 11.8% corresponds well to the theoretical mass loss for the formation of the hypothetical tetrammine nickel nitrate, [Ni(NH 3 ) 4 ](NO 3 ) 2 (11.94%). The immediate subsequent mass loss, however, is not itself large enough to account for the formation of either the triammine or diammine nickel nitrate (theoretically 17.91% and 23.88%, respectively). In fact, the three successive endotherms observed in the DTA trace below 300 • C would suggest that 2, 1, and 1 equivalents of ammonia are lost, resulting in the formation of the diammine, and the weight loss by the end of the third endotherm (of ca. 23 wt %) corresponds well to this assumption, even though the mass is not constant at this point. There is thus no clear endpoint after the ammonia release, and the sharp change in slope of the mass loss likely originates from the immediate onset of nitrate anion decomposition close to 300 • C. Steps 4 and 5 (Table 1) lie rather close to the expected mass losses for the formation of Ni(OH) 2 (67.44%) and NiO (73.77%) and hence underline the decomposition of the nitrate anion at higher temperatures. Given these results (most notably the DTA and MS data), we decided to use 200 • C as the lowest possible temperature for the formation of the diammine nickel nitrate while avoiding the decomposition of the nitrate anions. To drive the ammonia desorption, we performed the thermal treatment under mild dynamic vacuum to facilitate the removal of ammonia from the system. When assessing the powder X-ray diffraction pattern of the thermal decomposition product, it showed sharp reflections but bore no similarities to previously described crystal structures in the system. Attempts to automatically index the pattern using the programs Ito [8] , Treor [9] , Dicvol [10] , and McMaille [11] were successful and yielded consistent results, giving an orthorhombic cell with a ≈ 11.1 Å, b ≈ 6.0 Å, and c ≈ 9.4 Å. In our experience, the use of more than one indexing program greatly increases the confidence of the found solutions and can help to detect potential supercell solutions.
Following successful indexing, the pattern was treated using Jana2006 [12] , and a sequence of Le Bail fitting without symmetry assumptions (in space group P1), preliminary space group assignment, and Le Bail fitting in the assigned symmetry was performed. The structure solution was performed via the Superflip routine [13] with subsequent Rietveld refinement both within Jana2006 (Table 2, Figure 2 ). Given the limitations of powder X-ray diffraction in the accurate refinement of lighter atom parameters, the displacement ellipsoids were modeled isotropically. The isotropic displacement parameters for N1 and N2 (the crystallographically inequivalent nitrogen atoms in the ammonia molecules) were constrained to equal values, as were those of O21 and O22 (bridging oxygen atoms within one of the two inequivalent nitrate groups). The hydrogen atoms of the ammonia molecules were modelled as riding on the nitrogen atoms, and their U iso was constrained to be 1.2 times the U iso of the N atoms (as suggested by Jana2006). Robs; wR2(all) 0.033, 0.044 Figure 2 . Plot of the measured powder pattern (black crosses) and calculated pattern (red line). The difference plot, (Iobs-Icalc), is denoted by the blue line and the theoretical peak positions are shown as black ticks.
Crystal Structure of Ni(NH3)2(NO3)2
Ni(NH3)2(NO3)2 crystallises in the orthorhombic, non-centrosymmetric space group Pca21 (a = 11.0628(5) Å, b = 6.0454(3) Å, c = 9.3526(4) Å, V = 625.49(5) Å 3 ) with eleven non-hydrogen atoms in the asymmetric unit (Figure 3) . The structure consists of a three-dimensional network of compressed [Ni(NH3)2(NO3)4] octahedra connected through four bridging nitrate anions per metal centre (and hence, each individual nitrate ligand bridges two metal centres, Figure 4) . The nitrate ligands are located in the equatorial positions with the ammonia ligands trans-to one-another in the axial positions. This structure type presents the first evidence of bridging nitrate ligands in octahedral ammine complexes. In fact, the only other crystal structures of ammine complexes containing nitrates as ligands are the copper nitrate di-and monoammines [14] and platinum diammine dinitrate [15] , where the nitrate and ammonia ligands are coordinated to the metal centres in a square planar geometry. Unlike these copper and platinum compounds, which achieve three-dimensional connectivity through hydrogen bonds, Ni(NH3)2(NO3)2 is connected in all three dimensions via bridging nitrate anions. 4 ] octahedra connected through four bridging nitrate anions per metal centre (and hence, each individual nitrate ligand bridges two metal centres, Figure 4 ). The nitrate ligands are located in the equatorial positions with the ammonia ligands trans-to one-another in the axial positions. This structure type presents the first evidence of bridging nitrate ligands in octahedral ammine complexes. In fact, the only other crystal structures of ammine complexes containing nitrates as ligands are the copper nitrate di-and monoammines [14] and platinum diammine dinitrate [15] , where the nitrate and ammonia ligands are coordinated to the metal centres in a square planar geometry. Unlike these copper and platinum compounds, which achieve three-dimensional connectivity through hydrogen bonds, Ni(NH 3 ) 2 (NO 3 ) 2 is connected in all three dimensions via bridging nitrate anions. ammine complexes. In fact, the only other crystal structures of ammine complexes containing nitrates as ligands are the copper nitrate di-and monoammines [14] and platinum diammine dinitrate [15] , where the nitrate and ammonia ligands are coordinated to the metal centres in a square planar geometry. Unlike these copper and platinum compounds, which achieve three-dimensional connectivity through hydrogen bonds, Ni(NH3)2(NO3)2 is connected in all three dimensions via bridging nitrate anions. As expected from the presence of two different ligands in the first coordination sphere, the [Ni(NH3)2(NO3)4/2] octahedra are not regular (Figure 4 , Table 3 ). The two Ni-N bonds are shorter (2.00(2) Å and 2.10(2) Å) than the equivalent Ni-O bonds (2.12(2) Å-2.22(3) Å) and the angles deviate slightly from the ideal octahedral values, resulting in compressed octahedra along the axial direction. Further, the N-O distances in the nitrate anion are also strongly anisotropic and range from 1.16(6) Å-1.32(6) Å. It is likely that the differences in the nitrate bond lengths are caused by comparatively strong hydrogen bonding interactions between the ammonia ligands and the terminal oxygen atoms in the nitrate anions (eight N-H···O hydrogen bonds with H···O ≤ 2.57 Å). The nitrate anion itself is also distorted in the plane of the nitrogen and oxygen atoms, departing from an ideal trigonal planar (D3h) geometry with out-of-plane torsion angles <(O11-O12-O13-N11) = −12(5)° and <(O21-O22-O23-N21) = −14(4)°. It should be noted that the relatively large errors on the values of these torsion angles suggest that the crystallographic evidence for the breaking of the D3h nitrate anion symmetry is not in itself incontrovertible. Breaking of the symmetry, be it through the torsion of the molecule or the bonding of oxygen atoms, is however sensitive to detection by IR spectroscopy. The Ni-ligand distances are given in Å. Ni (gold), N (green), and O (blue) atoms are represented by their displacement spheres at 90% probability, while H (white) atoms are given as generic balls.
As expected from the presence of two different ligands in the first coordination sphere, the [Ni(NH 3 ) 2 (NO 3 ) 4/2 ] octahedra are not regular (Figure 4 , Table 3 ). The two Ni-N bonds are shorter (2.00(2) Å and 2.10(2) Å) than the equivalent Ni-O bonds (2.12(2) Å-2.22(3) Å) and the angles deviate slightly from the ideal octahedral values, resulting in compressed octahedra along the axial direction. Further, the N-O distances in the nitrate anion are also strongly anisotropic and range from 1.16(6) Å-1.32(6) Å. It is likely that the differences in the nitrate bond lengths are caused by comparatively strong hydrogen bonding interactions between the ammonia ligands and the terminal oxygen atoms in the nitrate anions (eight N-H···O hydrogen bonds with H···O ≤ 2.57 Å). The nitrate anion itself is also distorted in the plane of the nitrogen and oxygen atoms, departing from an ideal trigonal planar (D 3h ) geometry with out-of-plane torsion angles <(O11-O12-O13-N11) = −12(5) • and <(O21-O22-O23-N21) = −14(4) • . It should be noted that the relatively large errors on the values of these torsion angles suggest that the crystallographic evidence for the breaking of the D 3h nitrate anion symmetry is not in itself incontrovertible. Breaking of the symmetry, be it through the torsion of the molecule or the bonding of oxygen atoms, is however sensitive to detection by IR spectroscopy. The ammonia vibrational modes in diammine nickel nitrate are very similar to those in diammine nickel chloride and hexammine nickel nitrate ( Figure 5 , Table 4 ). A notable exception, however, is that the symmetric deformation band, δ s (HNH), in hexammine nickel nitrate is split for the diammine compounds. This can be understood in terms of the more pronounced hydrogen bonding in the diammine complexes as compared to hexammine nickel nitrate. This is consistent with the symmetry inequivalence of the two ammonia ligands in Ni(NH 3 ) 2 (NO 3 ) 2 and hence supports the crystallographic model (where the two ammonia nitrogen positions are inequivalent).
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IR Spectroscopy of Ni(NH3)2(NO3)2
The ammonia vibrational modes in diammine nickel nitrate are very similar to those in diammine nickel chloride and hexammine nickel nitrate ( Figure 5 , Table 4 ). A notable exception, however, is that the symmetric deformation band, δs(HNH), in hexammine nickel nitrate is split for the diammine compounds. This can be understood in terms of the more pronounced hydrogen bonding in the diammine complexes as compared to hexammine nickel nitrate. This is consistent with the symmetry inequivalence of the two ammonia ligands in Ni(NH3)2(NO3)2 and hence supports the crystallographic model (where the two ammonia nitrogen positions are inequivalent). [4] given in blue and Ni(NH3)6(NO3)2 [5] given in black.
Inclusion of nitrate anions within the first coordination sphere leads to an inevitable lowering of the molecular symmetry compared to the free nitrate anion [16] and hence leads to the appearance of further bands in the infrared spectrum [17] . Regarding the nitrate anion modes, several supplementary IR bands are observed in diammine nickel nitrate as compared to the equivalent hexammine ( Figure 5 ). This can be attributed to the different bonding environments of the species. While the nitrate anion in hexammine nickel nitrate is not coordinated directly to the complex and [4] given in blue and Ni(NH 3 ) 6 (NO 3 ) 2 [5] given in black.
Inclusion of nitrate anions within the first coordination sphere leads to an inevitable lowering of the molecular symmetry compared to the free nitrate anion [16] and hence leads to the appearance of further bands in the infrared spectrum [17] . Regarding the nitrate anion modes, several supplementary IR bands are observed in diammine nickel nitrate as compared to the equivalent hexammine ( Figure 5 ). This can be attributed to the different bonding environments of the species. While the nitrate anion in hexammine nickel nitrate is not coordinated directly to the complex and therefore exists with ideal D 3h molecular symmetry, the same is not true for diammine nickel nitrate. The supplementary bands can be explained most clearly by comparison to the IR spectrum of the ethylenediamine (en) complex, Ni(en) 2 (NO 3 ) 2 [17] . Most significantly, the appearance of the symmetric stretching mode (ν 1 ) at 1048 cm −1 is a clear and unambiguous indicator of the breaking of the ideal D 3h symmetry of the NO 3 − anion. Whereas this mode is inactive for a trigonal species of D 3h symmetry (since the dipole moment does not change), it becomes active when the three-fold rotation axis is lost (resulting in either C 2v or C s symmetry). This occurs when the ligand is coordinated to a metal and the three nitrate oxygen atoms are no longer equivalent. Two further vibration modes that are degenerate for D 3h symmetry, the asymmetric stretching mode (ν 3 ) and the in-plane bending mode (ν 4 ), lose their degeneracy and are observed as separate bands in the IR spectrum of Ni(NH 3 ) 2 (NO 3 ) 2 . Furthermore, two sets of combination modes (ν 1 + ν 3 and ν 1 + ν 4 ) appear with the aforementioned fundamental modes and the supplementary out-of-plane mode ν 2 .
Thermal Analysis
Thermal analyses were conducted on a Netzsch 409 PC STA instrument under flowing argon gas (99.998%, BOC, Guildford, Surrey, UK) coupled to a Hiden Analytical HPR 20 mass spectrometer. Combined TG-DTA-MS studies were conducted at a heating rate of 5 K min −1 . The STA instrument was located inside an argon-filled glove box (UNIlab, MBraun, Garching, Germany) with O 2 and H 2 O levels below 3 ppm to avoid possible reactions of the samples with moist air. The samples were loaded into Al 2 O 3 sample holders.
Fourier Transform Infrared (FTIR) Spectroscopy
Infrared spectra were collected on an attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectrometer (FTIR-8400S; Shimadzu, Tokyo, Japan) over a range between 4000-600 cm −1 . A total of 24 accumulated spectra were collected with a resolution of 2 cm −1 .
Powder X-ray Diffraction
Samples of the hexammine and diammine were loaded into glass capillaries (Hilgenberg, 0.7 mm diameter) and flame-sealed. Samples was measured in Debye-Scherrer geometry on a Bruker D8 Advance diffractometer (Bruker AXS, Billerica, MA, USA) with Cu-Kα 1 radiation (5 • ≤ 2θ ≤ 108 • , step size = 0.025 • ). Powder data were analysed as discussed in Section 2.2. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or deposit@ccdc.ca.ac.uk).
Conclusions
From an investigation of the thermal decomposition of Ni(NH 3 ) 6 (NO 3 ) 2 it was possible to determine the synthetic conditions required to isolate the diammine nickel nitrate, Ni(NH 3 ) 2 (NO 3 ) 2 . Subsequent synthesis enabled the phase-pure polycrystalline diammine to be obtained and the structure solution to be performed from powder X-ray diffraction data. Ni(NH 3 ) 2 (NO 3 ) 2 crystallises in the orthorhombic space group Pca2 1 and forms a novel structure type in which Ni centres are octahedrally coordinated by ammonia and nitrate in axial and equatorial positions, respectively. The latter ligands bridge to form a three-dimensional network. Using vibrational spectroscopy, we could both substantiate the chemical inequivalence of the two trans-ammonia ligands and confirm the involvement of the nitrate groups as ligands via signature bands attributable to the breaking of the ideal D 3h trigonal planar symmetry. Following similar strategies should facilitate the isolation and characterisation of further metal nitrate ammines and clarify the reaction pathways involved in deammoniation. 
